Superfluid 3 He is an unconventional neutral superfluid in a p-wave state with three different superfluid phases each identified by a unique set of characteristic broken symmetries and nontrivial topology. Despite natural immunity of 3 He from defects and impurity of any kind, it has been found that they can be artificially introduced with high porosity silica aerogel. Furthermore, it has been shown that this modified quantum liquid becomes a superfluid with remarkably sharp thermodynamic transitions from the normal state and between its various phases. They include new superfluid phases that are stabilized by anisotropy from uniform strain imposed on the silica aerogel framework and they include new phenomena in a new class of anisotropic aerogels consisting of nematically ordered alumina strands. The study of superfluid 3 He in the presence of correlated, quenched disorder from aerogel, serves as a model for understanding the effect of impurities on the symmetry and topology of unconventional superconductors.
Introduction

FIG. 1. a) Pressure-temperature phase diagram for superfluid
He in 98% porous silica aerogel.
The transition from the normal to superfluid in aerogel is the solid blue curve. It can be compared with the solid red curve for pure superfluid 3 He where the transition between A and B phases in zero magnetic field is given by the red dashed curve. The solid-to-liquid melting curve is approximately horizontal near the top of the frame. Open circles are from Cornell University 12 torsional oscillator measurements and closed circles from Northwestern University acoustic measurements. 13, 14 The blue curve is a theoretical fit to the data with parameters λ, the quasiparticle mean-free-path and ξ a , the silica particle-particle correlation length. 15, 16 The dashed blue curve is in the absence of these correlations. b) Scanning electron microscope images of a 98% silica aerogel, and c) a nafen-90 Al 2 0 3 nematic aerogel. 17 [figures adapted from a): 18; figure: c): Ref. 17] Recently, it was found that controlled anisotropy from uniform strain in the aerogel produces anisotropic quasiparticle scattering to which the relative stability of the superfluid phases is very sensitive, with very different results for positive versus negative strain achieved in silica aerogel by stretching or compressing the framework. This is a central topic of the present review. Vvedenskii, 20 to be attributed to thermal disequilibrium within the liquid-solid mixture, changing abruptly at the superfluid transition where the heat capacity of the liquid increases abruptly by a factor of two. 21, 22 Shortly afterward, measurements of the 3 He nuclear magnetic resonance (NMR) frequency shift were reported 2 that were precisely accounted for by Leggett's theory. 19 Onset of a superfluid fraction was detected by vibrating wire experiments 23 and the propagation of fourth sound. 24, 25 The line of phase transitions that marks appearance of superfluidity in pure 3 He is shown by the red curve in Fig. 1 Fig. 1 c) . The polar phase has a one-dimensional order parameter structure as compared with the two-dimensional A phase and three-dimensional B phase. As with superconductors, the important length scale in superfluid 3 He is the coherence length, a measure of the Cooper pair size, ξ(P ) = v F /2πk B T c , that varies from 77 nm at P = 0 to 16 nm at P = 34 bar with v F the Fermi velocity and T c the transition temperature.
Silica Aerogel
Aerogels are highly porous bodies that can be produced from a wide range of materials including silica, carbon, and alumina among others. Silica aerogels up to 99.5% porosity can be formed from a base-catalyzed synthesis of silica nanoparticles approximately 3 nm in diameter. 37 Gelation is initiated from tetramethylorthosilicate and the particles aggregate to form a fractal structure shown in the scanning electron microscope image in Fig. 1 b) and numerically simulated in Fig. 3 . 34 Both give a fractal dimension of ≈ 1.7 for a 98% porosity aerogel, the material most commonly used for the study of effects of quenched disorder on superfluid 3 He. 18, 38 The wet gel is dried at a supercritical pressure for the methanol solvent using a high pressure autoclave to avoid collapse of the microstructure from capillary forces at the liquid-gas interface. The resulting material is air stable and hydrophobic. Pollanen et al. 38 found that a 'one-step' method 39 with relatively small amounts of catalyst can produce very uniform structures. This procedure is important to obtain high quality samples and was greatly facilitated by characterization using optical birefringence 38, 40 and with small angle X-ray scattering (SAXS). identified a correlation length, ξ a ≈ 30 nm, as the typical distance between silica strands.
34,35
At longer length scales the aerogel particle-particle correlation length is a measure of the more open voids. The simulated structure has a geometric mean-free-path, λ 200 nm, defined as the average length of a straight line trajectory terminating at aerogel surfaces and corresponds well to the transport mean-free-path resulting from elastic scattering of the Furthermore, the optical birefringence signal provides a simple but quantitative assessment of the degree of anisotropy imposed on the aerogel by either positive or negative strain, 44, 45 confirmed with measurements of the mean free path using methanol gas diffusion. 46 For nafen aerogels the anisotropy of the mean-free-path was measured by spin diffusion of 3 He in the normal liquid. 47 Aerogel samples are considered to be isotropic if they have minimal strain based on these characterizations and for which quasiparticle scattering is isotropic.
Superfluid 3 He in Aerogel
The discovery that superfluid 3 He survives in the aerogel environment 10,11 was a surprise
given that aerogel has a fractal distribution of length scales and the fact that any form of 3 He quasiparticle scattering, such as from the distributed structure of aerogel, breaks Cooper pairs. However, the important impurity length scale is not the fractal cutoff, nor the silica particle-particle correlation length, ξ a ; rather, it is the much larger quasiparticle mean-freepath λ. The first indications of a superfluid state in aerogel are from measurements of the superfluid fraction and NMR frequency shift shown in Fig. 4 .
This prompted the formulation of a Ginzburg-Landau description of superfluid 3 He in aerogel by Thuneberg et al., 15 that included strong coupling in the pairing interaction and was extended by Sauls and Sharma 16 to include the silica particle-particle correlation length.
The predicted phase diagram accurately fits the experiment with these two parameters, mean-free-path and correlation length, given by the solid blue curve in Fig 
Superfluid Fraction
The extreme resolution of a high-Q torsional oscillator is ideal for measurement of the superfluid state and gave the first evidence for the existence of superfluid 3 He in aerogel.
10
The oscillator consists of a disk containing the helium-aerogel sample, perpendicular to its torsion rod, for which a change in period at resonance can be precisely measured. According to the two-fluid model, a superfluid is the superposition of a normal fluid component, viscously clamped to the porous structure, plus an inviscid superfluid component that does not contribute to the moment of inertia. Consequently, at the onset of superfluidity there is a sharp decrease of the oscillation period. The loss of inertia can be quantitatively interpreted in terms of the superfluid fraction, shown in Fig. 4 a) . However, in contrast with pure superfluid 3 He, the superfluid fraction is significantly less than unity, and the more so at low pressure. The suppression in the superfluid fraction varies from about 40% at high pressure to zero at the critical pressure shown in Fig. 1 .
NMR Frequency Shift
The 'smoking gun' for superfluidity in pure 3 He came from NMR measurements and
Leggett's interpretation of them. 53 There are three important NMR measurements that are manifestations of superfluid order. First, the magnetic susceptibility is proportional to the integral of the NMR frequency spectrum that easily distinguishes an ESP from a non-ESP superfluid state. Second, the NMR spectrum shifts as a function of temperature by an amount ∆ω from the Larmor frequency, i.e. the position of the resonance in the normal fluid, and exhibits an abrupt onset on cooling. This is clearly observed for superfluid 3 He in aerogel in Fig. 4 b) . Third, the nuclear spin dynamics embodied in the Leggett equations 26, 53 give rise to a dependence of ∆ω on the magnitude of the pulsed NMR excitation that is specific to each superfluid state. The excitation amplitude is best represented as the tip angle, β, of the local nuclear magnetization away from the external magnetic field. Together these three measurements can provide a clear identification of the superfluid state. Most importantly, the magnitude of the frequency shift is directly related to the square of the amplitude of the order parameter shown for the different phases in Fig. 2 .
The order parameters of the three superfluid phases, with maximum gap amplitudes, ∆ A , ∆ B , and ∆ P given in Fig.2 , are for A (axial state), B (isotropic state), and P (polar state) phases expressed as:
where the order parameter unit vectors ared ⊥ŝ in spin space, with orthogonal orbital vectors,m 1 , andm 2 . The direction of angular momentum in the A phase is specified by ˆ =m 1 ×m 2 along the axis of the nodes of the energy gap; and the orbit and spin coordinates are j and µ. The B phase order parameter is specified by a rotation matrix R µj which locks spinŝ and orbitˆ directions by a rotation through the Leggett angle θ L = 104
• about an arbitrary axisn. The polar axis in the P phase isp. However, external influences from magnetic field, walls, flow, and aerogel anisotropy can influence the direction of the spin, and orbital directors,d,ŝ,l, andn in order to minimize the total free energy including condensation energy, Zeeman energy and dipole energies, the last being the weakest by far.
For example, the angular momentumˆ is perpendicular to a wall for all phases; similarly, for anisotropic aerogel,ˆ must be either aligned parallel or perpendicular to the anisotropy axis and both situations occur. These external fields are sometimes in competition with each other to determine the texture of the vector order parameter with possible ensuing topological defects. 26 Nonetheless, there are two well-defined stable texture configurations which are relevant to the identification of each superfluid phase in aerogel and can be easily detected. These are the dipole-locked and the dipole-unlocked configurations corresponding respectively to minimum and maximum dipole energy for the accessible equilibrium phases.
For the (undistorted) B phase in a magnetic field, H, greater than the dipole field of The NMR frequency shift for small tip angles, β, is an excellent indication of the symmetry of the order parameter for which direct comparisons of ∆ω can be made between the dipoleunlocked case of the B phase and the dipole-locked case for the A phase based on the symmetry of the two states. 55 A similar situation holds for comparison of the dipole-locked shifts for P and A phases:
expressed in terms of the maximum gap amplitudes; or alternatively in terms of the heat capacity jumps at T c including strong coupling effects for both cases. In the weak coupling approximation for pure 3 He the two ratios are respectively: 12/5 and 4/3. 
15,50
In an isotropic aerogel the spin and orbital directions of the superfluid are unconstrained by the medium allowing a 'dipole-locked' configuration with uniform texture that gives the minimum possible dipole energy. A class of such samples that are strain-free on the submicron scale have been grown and characterized by Pollanen et al. 38 The NMR frequency shifts, ∆ω(T ), are well-resolved allowing an unambiguous identification of the superfluid states and a measure of the temperature dependent energy gap, ∆ω(T ) ∝ ∆ 2 (T ).
Using isotropic aerogel, Pollanen et al. 48 found well-separated dipole-locked and dipoleunlocked parts of their NMR spectrum in the non-ESP phase, the latter from the influence of sample walls that show up at low temperatures. These frequency shifts were identified from their tip angle dependence closely following theoretical expectations for the B phase and are shown in Fig. 6 a) . The measurements of ∆ω(β), together with a temperature dependent susceptibility, Fig. 5 a) , confirm that this low temperature phase is indeed the isotropic state, a suppressed version of the pure B phase. The high temperature ESP phase in Fig. 5 a) results, at least in part, from the application of a magnetic field which destabilizes the B phase; however, this gives no information about the symmetry of the superfluid state of that phase. To determine symmetry we compare ∆ω at small tip angles as suggested by Eq. 1 and shown in Fig. 6 b) with the B phase finding exactly the ratio of 5/2. This is also shown in the figure's inset, consistent with the two phases being respectively isotropic and axial states, i.e. identifying the ESP phase as the A phase.
Concerning phase diagrams and the relative stability of A and B phases, Gervais et al.
13,14
reported from acoustic impedance measurements that the equilibrium superfluid state in an isotropic aerogel in zero magnetic field was the B phase throughout the entire pressuretemperature phase diagram, Fig. 7 a) . This was confirmed in a well-characterized isotropic aerogel from NMR measurements of T AB , from magnetic susceptibility and ∆ω extrapolated to zero field, 48,57 Fig. 7 b) and d). Both the acoustic and NMR data were taken on warming in order to determine the equilibrium transition. On cooling, a metastable supercooled
A phase always appears, even in the absence of an applied field.
14 Presumably there is a narrow unobserved region just below the superfluid transition where the A phase is stable that leads to its supercooling as low as 0.83 T AB . However, the origin for the nucleation of this metastable A phase immediately below T c , is unknown and the supercooling is quite different from pure superfluid 3 He especially below the PCP.
The fact that in the absence of magnetic field the B phase is more stable than the A phase in isotropic aerogel is consistent with the Ginzburg-Landau theory of Thuneberg et al.,
15
that isotropic quasiparticle scattering favors an isotropic superfluid state. The stability of the A phase in pure 3 He at high pressure, Fig. 1 , is a consequence of strong coupling in the pairing interaction. Apparently, this is overshadowed by the influence of isotropic quasiparticle scattering. However, in a magnetic field, the A phase becomes more stable owing to its different Zeeman energy relative to the B phase. The transition between A and B phases in a magnetic field is first order where T AB depends linearly on the square of the magnetic field in the Ginzburg-Landau regime near T c , clearly evident in Fig. 7 b) and d).
Gapless Superfluidity
Heat transport 58 and heat capacity measurements, 49 Fig. 5 b) , indicate that their lowtemperature limits for superfluid 3 He in aerogel are linear in temperature, consistent with a significant density of gapless fermionic excitations near the Fermi level, 42,50,51 Fig. 5 c) . The third law of thermodynamics requires that the entropy of both the normal and superfluid phases vanish at zero temperature. This constraint on the heat capacity forces the two shaded regions in Fig. 5 b) to have equal areas resulting in the extrapolation of the data for C/T to low temperatures being non-zero. Consequently, the heat capacity must be linear in T at low temperatures consistent with theory. 50, 51 By comparison, pure superfluid 3 He-B is fully gapped over the entire Fermi surface and its heat capacity becomes exponentially small at low temperatures. A similar argument holds for the thermal conductivity. 42 The evidence is compelling from both of these thermal experiments that liquid 3 He in aerogel is a gapless superfluid and that this holds for both A and B phases based on calculation of their density of states, shown only for the B phase in Fig. 5 c) .
42,52
Superfluid Glass
The A phase angular momentum for pure, unconstrained superfluid 
Anisotropic Silica Aerogel and New Superfluid Phases
The phase diagrams of the superfluid in anisotropic silica aerogel are very different compared with isotropic aerogel, 48 even to the extent that new phases appear, Fig.7 c) and d). 45, 57, 64 Uniform uniaxial anisotropy has been produced in cylindrical samples of nominally 98% porosity with anisotropy and uniformity quantified by optical birefringence.
38,45,64
The optical measurement was confirmed by spin diffusion experiments of the ballistic mean-free-path anisotropy in a stretched aerogel. 46 Stretching is achieved using more than the usual amount of catalyst for gelation to promote radial shrinkage during supercritical drying. 38, 57 Similarly, uniform anisotropy can be obtained by physical compression of the aerogel up to ∼ -30% negative strain. 45 In the research that followed it became clear that the su- Using NMR, Pollanen et al. 57 showed that the anisotropy introduced by stretching with strain = 14%, has the significant effect of stabilizing the A phase throughout the entire pressure-temperature phase diagram, Fig. 7 A different theory 71 predicts thatˆ ⊥ˆ would be the equilibrium state, but this appears to be the case only in the lower temperature phase.
The phase diagram for superfluid 3 He in anisotropic aerogel is quite different for anisotropy introduced with uniform axial compression, i.e. negative strain, Fig. 7 d) . In low magnetic fields H ∼ 100 mT the B phase is sufficiently distorted by the compressed aerogel that it is more stable than the A phase in contrast with isotropic aerogel. The resulting critical field marks a tri-critical point between the normal phase, the A phase, and the polar distorted B phase. The polar distortion of the order parameter in the B phase is independently indicated by anomalously large NMR frequency shifts. 45 As might be expected, the square of the critical field was found to be proportional to the strain induced anisotropy of the aerogel. 45 Since NMR measurements have not been made at very low magnetic field close to T c , this region of the phase diagram for compressed aerogels has only been explored by torsional oscillator techniques where a new phase was reported. 72 The superfluid fraction in this phase appears to be smaller than in the distorted B phase indicating that the angular momentum axis might be oriented perpendicular to the strain as expected for a polar phase with the polar axis and anisotropy axis aligned. Confirmation of the existence of a polar phase in compressed silica aerogel will require further investigation.
Nematic Alumina Aerogel and the Polar Phase
A class of nematic aerogels has been produced from the growth of oriented Al 2 O 3 strands.
One of these materials, nafen-243 Fig. 1 c) , has been used to impose a high level of anisotropy on quasiparticle scattering in the superfluid. 33 The degree of anisotropy in the mean-freepath was determined from measurement of the spin-diffusion coefficient in the normal Fermi liquid reported to be a factor of 8 for nafen-243. 47 Both NMR frequency shift 33 and superfluid fraction 73 measurements have been made in these alumina aerogels, the latter with a version called 'obninsk', with evidence for a transition to the polar state of superfluid 3 He on cooling from the normal state. The NMR frequency shift in nafen-243 was found to be significantly larger than the A phase which led Dmitriev et al. 33 to identify this superfluid as the polar state based on Eq. 1. These results are consistent with the theory of Aoyama and Ikeda that the polar state should be stable immediately below T c followed by the A phase, or perhaps a polar distorted A phase, in uniaxially anisotropic aerogels.
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The observation of a polar state is remarkable for several reasons. Most importantly, this one-dimensional state does not occur in pure 3 He. Rather its existence depends on anisotropy imposed by the aerogel framework. Secondly, the polar state can support half- 
